Introduction
Reversible memristive switching phenomena [1] have been extensively studied world-wide [2] [3] [4] [5] [6] [7] , driven by perspective applications for nonvolatile memory [8, 9] , logic circuits [10, 11] and neuromorphic computing [12] [13] [14] . Each application might emphasize on different aspects of these devices while there are also some common requirements, including fab compatibility and low variability etc [3] . In order to meet these requirements, a variety of material systems have been explored. However, most of the anionbased resistive switching materials reported so far have been metal oxides and the majority of them are binary oxides [3, 15, 16] . Modifying these oxide materials or adopting some non-oxide materials as the switching layer may yield excellent device performance, as illustrated by the two examples here. Non-oxide insulators and semiconductors are large material pool that may also exhibit memristive switching behavior, but with the exception of the chalcogenides [17] [18] [19] have not been extensively explored. In addition, some artificial materials that do not exist in nature can be engineered to optimize memristive switching behavior as well [20] .
II. Non-oxide switching materials
An obvious example of nonoxide semiconductors are nitrides, which have been intensively studied for photonics applications but not much for memristive phenomena.
There are a few resistance switching devices incorporating nitrides reported in the literature, but these nitrides were used either as an electrolyte material for an electrochemical metallization cell [21] or as an electron trapping medium [22] rather than for a mobile ionic species. In principle, ionic switching could also occur in nitrides, such as AlN, in a manner similar to the oxides [23] . The Al-N system has a very simple phase diagram as the Ta-O system does, which may lead to high switching endurance as observed in the TaO x memristors [24] . The wide band gap, high electrical resistivity of the stoichiometric compound and high thermal conductivity exhibited by AlN could result in superior switching performance, such as a large ON/OFF ratio and a good thermal stability. Most importantly, some metallic nitrides, such as TiN, WN and TaN, are commonly used in semiconductor fabrication foundries as electrode materials. This makes a semiconducting nitride a possibly more attractive switching material than oxides for a memristor application because the chemical complexity and potential thermodynamic instability of an interface between an electrode nitride and a switching oxide can be avoided by using nitrides both for the electrode and switching materials.
Typical switching loops of the first nitride memristors are given in Fig. 1 . The device stack is schematically shown as the inset to Fig.1 . AlN films of 6~8 nm thick were deposited by plasma enhanced atomic layer deposition (PEALD) using Trimethylaluminum (TMA, Al(CH3)3) and N2:H2 (20:40 SCCM) mixed gas as a metal organic precursor and a reactant gas at 350 °C [25] . The bottom electrode was a blanket 20 nm TiN layer grown by PEALD using tetrachlorotitanium (TiCl4) and N2:H2 (4:40 SCCM) mixed gas as a precursor and reactant gas, respectively, at a wafer temperature of 350 °C. During the acquisition of the electrical data, a quasi-DC voltage sweep was applied to the top electrode with the bottom contact grounded at room temperature. Before displaying reversible switching, the as-prepared devices required a so-called "electroforming" process [26] . Fig. 1(a) shows 100 consecutive switching I-V loops of the TiN/AlN/Pt device on a semi-log scale. The switching is bi-polar with excellent repeatability and an ON/OFF conductance ratio over 100. The device size was fairly large (200 μm in diameter) and the ON current was at the mA level. Fig. 1(b) shows a switching I-V curve with a significantly reduced current level for a smaller area device, a crosspoint comprising an 8 nm AlN film with a 15 µm wide Pt bottom electrode and a 10µm wide Al top electrode. A sub-10µA current was sufficient to induce both ON and OFF states, demonstrating an encouraging low energy switching for these nitride memristors.
Thorough material characterizations on the switching films and control samples were performed to confirm that the Al nitride layer rather than other impurity materials [27] , such as oxides, unintentionally formed in the PEALD process, is responsible for the observed switching behavior. The demonstration of ionic switching behavior in nitrides could open up an entirely new area in resistance switches with significant opportunities.
III. Engineered switching materials
Owing to the localized or filamentary nature of the active region in most of the memristive device, variability is one of the major challenges facing these devices for real applications. The key to minimize the variability is to facilitate and thus control the formation of the conduction channel(s) or filaments, which otherwise are created in a somewhat random fashion.
Pt doped SiO 2 nanometallic materials have exhibited great repeatability as a switching material [28] . 1000 consecutive pinched hysteresis switching loops measured from a device with a diameter of 50 µm are given in Fig. 2 ., where highly reproducible switching with only a small variation in the current levels was observed. A schematic of the device structure is shown in the inset to Fig. 2a . The Pt dispersed SiO 2 thin film was deposited as a blanket layer by radio-frequency (RF) magnetron cosputtering in pure Ar, using SiO 2 and Pt targets as dielectric and metal sources, respectively. The as-grown Pt dispersed SiO 2 thin film was composed of a SiO 2 matrix with 2 -3 nm sized Pt nanoclusters. Pt concentration, f, of about 20 -45 atomic %, where f = N Pt / (N Pt + N Si ) was controlled by the RF power of the Pt sputtering target [20] . Reversible switching has been measured with up to 3 × 10 7 cycles with no significant degradation or failure (Fig. 2b ) using electrical pulses of 10 µs, demonstrating the potential of high switching endurance for these films. As achieved in TaO x memrsitors, we have also successfully switched these Pt doped SiO 2 films reversibly by 100 ps voltage pulses. We have observed bi-polar switching from pure SiO 2 films as well, but with a lower than 20% device yield among tens of devices, in sharp contrast to a ~100% device yield obtained in Pt deoped SiO2 films.
Devices were fabricated with various areas, ranging from 200 µm to 100 nm in diameter. A significant electrical performance improvement by scaling down the device from micro to nano scale is an increase of the OFF/ON resistance ratio from <10 to >1000, as can be seen from Fig. 3 . This is due to different scaling trends for ONand OFF-resistances (Fig. 3) , where both the ON-and OFFresistances of the device with a wide range of area are plotted. The 7-nm-thick Pt dispersed SiO 2 films with f = 37.5 % or 45 % were used in these devices. As shown in Fig. 3 , device resistances in both the ON and OFF states were lower for the film with a higher Pt concentration, which can be used to tune the device resistance value for both ON and OFF states. For a fixed Pt concentration, the OFF-resistance was inversely proportional to the device area, while the ON-resistance showed much weaker area dependence. This suggests that the current is more uniformly distributed in the OFF state while more locally in the ON state, i.e., there is a localized conduction channel(s) in the device. To visualize the channel(s), cross-sectioning was performed at the electrically induced deformation location by focused ion beam (FIB). Transmission electron microscopy (TEM) images are shown in Fig. 4 , where a distinct region with bright contrast is assumed to be the active region responsible for the electrical switching. A magnified image of the active region is shown in Fig. 4b , where Pt nanoparticles with an average diameter of 3 -4 nm can be seen. These Pt particles serve as precursors of conduction channel(s) and significantly simplify the formation of these channels, leading to the observed high device yield and repeatability.
